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Abstract
I

32180 0¥

Control of oxygen fugacities in a CC)‘2 + CO atmosphere has been
established experimentally by using a solid-phase buffer technique.
Equilibration between the buffer and the enclosed sample is established
by diffusion of the gas atmosphere through the buffer. The estab-
lishment of equilibrium by this method is indicated by the reversibility
of experimental results in a study of the decomposition relatioms
of siderite, FeCOS.

Precipitation of solid graphiite from a 002 + CO atmosphere

under reducing conditions provides a method for control of i’o

2
values through equilibrium between crystalline graphite and the

oxides of carbon in the gas phase. Equllibnum values of fo are

2
calculated from thermodynamic data for several values of Pgas = Pco + Pco'
A .

For values of Pgas greater than 100 bars, the following approximation

may be used without seriocus error:

Py P - l)
log 2, = - 20,586 _ 5 ouy + 1057 - 0.028(—555—-——
. T " gas T

P
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These results indicate two izportant consequences of the
resence of graphite in igneous and metamorphic rocks. First,
equilibrium between graphite and gas will buffer a value of f02
which is within the stability field of magnetite for most geo-
logical environments. Secondly, this buffering will be produced
regardless of the presence of other volatile components in the
gas phase.

In gas phases in the system C-Z-0, equilibration with graphite
allows approximate calculation of such ratios as C05/CO, HpO/Hp,
and CH) /Ep. A noteworthy result is that the value of CHy/Hp in
equilibrium with graphite will be large over a wide range of
geologicel conditions; methane will become a significant to dominant

component of the gas phase under moderately reducing conditions.



Introduction

The method of using solid buffers for the control of oxygen
fugacities in hydrothermal experiments at elevated pressures
(Bugster, 1957; Eugster and Wones, 1962) has been applied successfully
to studies of the stability of & number of iron-bearing minerals
(see e.g., Turnock and Eugster, 1562; Womes, 1963z, 1963b; Ernst,
1960, 1962; Buddington and Lindsley, 196%) and to the melting
relations of iron-rich liguids (Hamilton, Burzham, and Osborn,
1964) .

An oxygen buffer is an assemblage of solid phases (4,B,C, etc.)

related to each othexr by reactions of the type:
A=B+0
2
A+B=C+0
2

For such assemblages, fo is fixed if total pressure and temperature

2
are known; values of £, can be calculated from thermodynamic data

0

(Eugster and Wones, 1962). In the presence of water, oxygen buffers

! i (= i f . i N
also define sz and the fH20/1H2 ratio of the gas phase. Dire
determinations of sz for some buffers made by Shaw (1963) are in

good agreement with the calculated data.
In hydrothermal experiments, the sample is contained in a

sealed platipum or silver-palladium (Muan, 1963) tube and surrournded
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. by the oxygen buffer. Equilibrium bstween the buffer and the samrl

is established by diffusion of hydrogen through the walls of the tube.
The attainment of equilibrium is cdemonsirated by reversing the perti-
culer reaction under investigation. Throughout the experiment, the
bulk composition of the sample does rot change except for its hydrogen
content.

Studies of the phase relations of carbonates pose a somevhat
different yroblem. Decomposition rcactions of divalent cerbonezves
may be represented by two distinct equations (Jamieson and Goldsmith,

1960), in which R represents a divalent cation.
(1) RCOB'.':RO'}-COE
(2) a R CO3 + 3 Oz = Ra0a+1 + (a-1) COp

Reactions of the first type, in wkhich oxidation does not occur,
have been studied experimentally I cerbon dioxide atmospheres,
using samples contained in open tute:z {see e.z., Harker and Tuttle,
1955; Herker and Hutta, 1956; Goliszith and Graf, 1957).

Siderite (FeCO3) and rhodocrrosite (I-inCO3) are carbonates whose
stabili‘&y is governed by reactions of the cecond type. OSuch rcactions
mst be studied under controlled fugacities of both COp end CcQ.

Since noble metal tubes are not sufficiently permeable to COp end Op,
sealed tubes cannot be used for buffered experiments in a Cop + CO
atmosphere. TFor this reason, experirerntal studies on siderite

(French and Eugster, 1962; French, 196la) were carried out in unsecaled




sil%er tubes, allowing direct equilivraticn between the gas phase

and the charge. Because of contamination mroblems, only those buffer
assembleges could be uséd which are possible decomposition products
oi the carbonate, i.e., pairs of iron oxides for siderite and of

menganese oxides for rhodochrosite.
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' Oxygen Fugacitles in &

-

buffer will also fix the value of t

position of CO, (CO2 = CO + %02).
species in the gas phase, then the

calculated (see Eugster and Wones,

In & carbon dioxide atmospherc, the value of £

C0, + CO Atmosphere

o of the cxygen
2

e C0,/CO ratio through the decom-
Ir C0,, CO, and O2 are the only

vaiues of £ and T may be
co co

2
1662, p. §3, for aspalogous calcu-

laticns for a hydrothermal atmosphere;. Since data on the fugacity

coefficients Yi of CO and CO, in mixtures are not available, it is

assumed that the values of Yy ere tze same for each specles in the

mixture as for the pure components

at the same temperature and total

pressure (ILewis and Randall's Rule; see Denbigh, 1957, p. 127).

Since tke value of fo
2

bar, we may assume that,

at moderzze

(3) p__ =7

seuperztures is less than 10 *°

+ P

gas co, co

(%) x(m =2 /z,  (g)
2

N

2

Values of K are tabulated by Wagman et al. (1945).1

1. o
Wagman's tabulated values of
values calculated fram more recens

1934, JANAF tables). Experimental

1646) differ from these values by 3

OE K.D agree to within 0.0l with
svendard free energy data (Coughlin,
rzezsurements (Darken and Gurry, 1945,

to 4 per cent.
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From these relations » the individual fugacities mey be determined

as,

K Py oy (2 )%

(5) oy = 2tz Yoo ooz Top
% (f02) Yeo ¥ Yeop

(6) £ Pgas XCO YCO2

co = %
2 .
K (ng) Yeo * Yeop

These expressions are analogous to those obtained for ngO and f'ﬁe
in a hydrothermal atmosphere (see Eugster and Wones, 1962, p. 93).

Values of log fco, as & function of temperature are given in
Figure 1 for a number of oxygen buflers at total pressures of 1 bar
and 2000 bars. At Pga 5= 1 bar, the fugacities of all componerts
are assumed equal to the partisl mressures (y; = 1.00). Fugacity
data for COp are available to 1400 tars (Robie, 1962), based on
Kennedy's (1954) experimentel determinations of P-V-T relations.
The values of Yeop for 2000 bars were astimated by extrapolation of
Robie's data. Values for +i,, are taken from Newton (1935). The
effect.mv of the extrapolations and uncertainties on the value of £,
is probably less than an order of magnitude.

Derivation of the results for the "graphite buffer" (Fig. 1)

is discussed in detail in the following section.



Oxygen Fugacities of the Graphite Buffer

When the oxygen fugacity of a gas phase consisting primarily
of CO and 002 is reduced sufficiently, graphite may precipitate
according to the reaction 2 CO = C( + co, (see, e.g., Muan, 1958).
Equilibrium between graphite and such a gas phase is governed

by two relatioms:

(1) ¢+ %02 = CO K (T) = fco/(fo ) 2
2
(8) co+%0_=cCo k(1) =£, /2 (2 )é
2 2 cox’ “co O2

- Hence, for a given temperature and total pressure, the presence of

graphite defines the camposition of the gas phase as well as the
fugacities of CO,, CO, and 02. In other words, the assemblage

graphite + gas acts as an oaxygen buffer.?

2The same conclusions are reached by applying the Gibbs Phase
Rule (F + P = C + 2) to the two-component system C-O. A two-phase
assemblage (graphite + gas) has two degrees of freedom (F = 2). If
both temperature and total pressure are specified, the system becomes
invariant ’ and the. composition of the gas phase is uniquely
determined. |
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In calculating oxygen fugacities of a gas phase in equilidbrium
with grapbite, allowance must be mede for the pertial pressure of CO,
which becomes significant at high temperatures and low total pressures
(Muan, 1958). The method of calculation used here is based on

Equations (7) and (8), which we may write:

(7a) Xa = vco Peo (fOQ)-l/z
Yoo © -1/2

(83) X = %252 (25,)
YCO:,_ PCC"‘

Elirinating f02 and combining with Equation (3), we have,

= Pp - Pyy

and (9)

" 2 -
-1+ /1+APFiE<YC° )

N Xa Yeo,

Peo =

5 Ko v&o >
X
a YCOa
Values of K, and K, are cbtained from tebulations (Wagmen et al.,
19%5). Values of P,, in equilibrium with graphite have been calcu-
lated from Equation (9) for totel pressures of 1, 100, 500, 1000,

and 2C00 bars.



From these data and the fuzacity coefficients of the indi-
vidual gases, the value of f02 in equilivrium with graphite can

be calculated from the relation in Zquation (8).

Yeo, “co,
(10) log f02 =2 [ log ~ - log Ky ]
co “co
Results are given in Table 2 and Fizure 2.
A simpler bui less rigorous method of cobtaining the same

results consists of combining Equations (7) and (8) to obtain:

(ll) C+ 02 = C02

- AGO
log Ko(T) = - 5305 log fco2 - log f02

Rearranging, we obtain,

Equation (12) applies for a toial pressure at which all compounds
are in their respective standard states; this will not be signifi-
cantly different from one atmosphere (Dembigh, 1957, p. 120-12k,
146). An increese in total prescure will affect the free emergy
of reaction, A G, because of tic volume chenge of graphite with
pressure. The effect of this change on the value of KC(T) may be

calculated {see Eugster ard Wones, 1562, p. 91-92).
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For the equilibrium represented by Eg. (11), at comstant

temperature,

o 3 o
86 = 4G +RT},nK=AGO-!-RT[znfcog-,q.n;oa]

3 in L., 3 In £
dAG:O:AVsdPs-i-RT(.______?.) Ppe RT( 2)&?
oP gas ana.s

When rearranged and integrated, this becones,

co
RT fn = &g (Pp - P1) + RT 4n 2
oo ) Teop (F1)

Setting Py = 1 atm., and substituting Eg. (12), we obtain,

A0 av (P, - P))
1 log £o, (Po) = &5 __ + log £ Po) + s 2 17,
( 3) 124 02 ( 2) = 3033T 123 co2 ( 2) 5 303RT
Cr,
_O ( P-1
. =C CC2) + 10g * - 0. -
(1)  1og fo, s n 0g foop - 0.028 -

The moler volume of graphite (5.30 cm .3) is here assumed to be

independent of pressure.
While Equation (1%) is a rizorous expression, approximate

values of log fp, may be conveniently ovtained by introducing the
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following simplifying assumptions: (a) thet, at total pressures
. o

in excess of 100 bars, log fco;a = 108 Ppaqi (o) that Co (Coy) =

- 94,200 -~ 0.2 T cal./mole (Kubaschewski and Evans, 1958).

Substituting in Equation (1L), we cbtain the approximate expression:

P -1
gas
- 0.028 e

' 20,586
(15)  log £5, > - —;’E—S'—- - .0Mk + log Pggg .

A comparison of values of log f02 calculated from Equation (15)
and Equation (10) indicates that at temperatures above 500°K and
total mressures in excess of 100 bars, the approximations used do
not introduce serious errors (Tatle 2). The calculated values of
log i‘02 for the graphite buffer zt various total pressures (Table 2
and Figure 2) are believed accurate to at least + 0.5.

Figure 2 shows that, for each value of Pgas = Pc02 + Pogs
there is specified an isobarically univariant graphite + ges buffer
curve. The family of such curves for different velues of Pgas

-~ - I -
forms & surface in Pgas P02 T

i

vace. The surface hes & shane

and orientetion similar to thuse of cther buffering surfaces (Evgster
and Wones, 1962); higher temperatures and higher total pressures
correspond to higher values of log f02' However, the effect of
changes in total pressure on f02 is much more pronounced for the
grarhite buffer, particularly at lower pressures. At 700°C, for
instance, i‘02 of the graphi-‘ce buiier lies within the iron stability

field et 1 bar pressure, dbut lies azbove the fayalite + magnetite +
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quartz buffer curve at 2000 bars. Iy contrast, increasing
temperature makes the graphite bufler more reducing with respect
to the iron oxide buffers.

An important difference betwees the graphite buffer and other
.axygen buffers is a consequence of the fact that the graphite buffer
contains only one so0lid phase and that its buffering character.stic
is due to the assemblage graphite + gas.s Therefore, the graphite
buffer curves divide Pgas”PO -T space into two distinctly different
regions, a region above the Zraphite + gas curve, which represents
the existence of a COz-rich gas {graphite absent) and a region

below the graphite buffer curve, waich is condensed.

Consider, for instance, a fixed value of Pgas ) €.8., 2000

bars (Fig. 2), and a value of f, &nt T above that of the 2000

2

it

bar graphite + gas buffer curve. Unler these conditions, any

bulk ccmposition in the system (-0 is represented by a gas phase con-

sisting essentially of 002 erd CO, “ze CO /CO ratio of which is Gefined
2

by the quantities P__ , T, and £, . If the value of £, in the ges
‘ gas 2 02

SThe presence of a gas is not recessary vo define the oxygen
fugacity of, e.g., an Fe3ok-Fe205 buffer for a specific temperature
and total pressure. The gas phase 1s necessary only for the buffer
to functiqn, since the values of POg specified are vapishingly

szall. By contrast, a gas phase (CO,) enters directly into the

buffering reaction for the graphite buffer.
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is Qecreased until the graphite tulfer curve at 2000 bars is reached,
reduction of CO and CO occurs and graphite is precipitated (I-Euan,
2

1958) . The value of fo will rerxsirn fixed on the curve until all
2

the oxides have been converted to graphite.

In the two-component system C-0, values of f02 below the
graphite-gas curve therefore represent a system in which all carbon
is present as graphite and the ges phase may contain cnly oxygen
(the vapor pressure of graphite is nezlecied). The value of Pga
below the graphite + gas curve 1s o longer 2000 bars, but has
become equal to POZ, or 10 29 ¢ 1573° vars. EHence, no gas can be
present in the regiom below the curve, unless volids remain while
the solid graphite supports a pressure of 2000 bars ( Pgas‘«‘ ‘.PS) .
The region below the graphite + gas curve is thus condensed in
the sense that carbon oxides must be abseat from the gas phese.

It is very important to realize thet, as long as graphite is
present it is not possible to produce eguilibrium values of

: fo within the condensed region by the addition of other
2
volatile components (e.g. hydrogen or a hydrogen-water mixture) .

To 1llustrate this point, consider z grephite-vapor assemblage in

equilibrium at Pgas= 2000 bars (Fig. 2). At constant total pressure,

if fo is suddenly reduced to a valie below the graphite + gas curve
2

by addition of & proper hydrogen + water mixture, then & situation is

produced in which P = 2000 bars > P + P . To re-establish
ga,sr c co

2




équilibrium, graphite will precijitate oz the gas, reducing the
value of Pc02 + Pco to that velus which corresponds to the perti-
cular graphite + gas curve which jasses through the specified value
of f02. Regardless of the value of log f02 originally established
by the new mixture, equilibrium betreen graphite and gas will be
nmaintained, a.l‘though; under strcisly reducing conditions » the value
of Pco:g + Poo a2y became very smoll.

By contrast, if the value of T0p is Tixed ztove the original
graphite + gas curve, the grayiite will oxidize, increesing the
value of Pc02 + P, wntil a new cravhite + gas curve through the
value of f02 is reached. If tne grephlie is completely oxidized

before this value is attained, =z divariant one-phase gas assenblage
2 -

is produced.

gas surface in Pgas - P02 - O space will produce changes in gas
composition and in the magnitudes of P Pops and f02 wnich tend
to return to a new eguilibrium position on the same surface. Ir

grapnite is removed by oxidation vefore equilibrium is attained,

& one-paase gas assemblage is nroduced.
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Ixperimental Deterwirzticon of Carbonate

Stabilities Usirr Uxyzen Buffers
: &

The technigues of using solid-phase buffers in a CO2 + CO
atmosphere to control f02 were applied to a study of the stability
relations of siderite (FeCOs) (French, 16642 ; French and Eugster,
1965) .

Values of fo along most of the sclid-pkase buffers used in

2
earlier studies (Eugster and Wones, 1962) are zetastable with
respect to graphite. The two buffers used in the siderite study
were graphite and hemstite-megnetite - mixtures.

The experimental arrengement is shown in Figure 3. The
sample {usually synthetic sideriie) is conmbained in a small (0.120 in.
0.D.) silver tube; this inmer fube is surrounded by a buffer mixture
contained in & larger (0.173 in. G.D.) silver tube. Since neither
002 nor CO will diffuse througs cllver, the ends of both tubes are
crimped but left unsealed, irn coztrast to the method of preparation
of sarmples run in a hydrothermsl atmosphere. The charge is then
placed in & Tuttle "test-tube™ type borb, into which co, is supplied
by an external pumping system. Temperature control and measurczent
ere carried out in the same manner &s earlier hydrotherzel exner-
iments.

During the run, CO, fram the atmosphere diffuses through th

buffer; the C02/CO ratio to whick the sample is subjected is tkereb
J



‘adjusted to the value specified by the f02 of the buffer. The
attainrent of equilibrium by this method was indicated by the con-
sistency and reversibility of ruas.

In these experiments, magnetite (Fe30k) is added to the graphite
buifer, so that, with both buffer mixtures, a single run will indi-
cate the location of the reversible equilibrium with respect to run
temperature by two reactions. If the run {temperature lies within
the stability field of siderite, the sample is unchanged while siderite
forms in the buffer (Fe203 + Fe30, or Fe30) + C(gr))3 if the run
teoperature lies above the siability field of siderite, the bufier
remalns unaffected while the sample deccomposes to the respective
buffer assemblages. (It must be emphasized that magnetite plays no
part in buffering f02 when graphiie 1s also present, and thus it is
not correct to speak of a "magnetite-graphite” buffer.)

Figure 4 presents stability data for siderite at a gas pressure
of 1000 bars, as determined by French (196ka). Cnly the two iscbaric
inveriant points, siderite + hematile + magnetite + gas and siderite +
magnetite + graphite + gas, are accessible by this method; the
curves bounding the stebility field of siderite + gas have been
calculated approximately from thermolynamic data.

It is possible that rates of equilibration between gre .te and
gas (represented by Ecuations (7), (8), and (11)) are slow enough
so that a gas phase with metastebly low COo/CO ratios could be main-

tained without precipitation of graphite, particwlarly at low



temperatures (Mian, 1958; Rosenberg, 1962, unpublished data) .

However, the experimental data (French, 196ka; Rosenberg and French,

1964; French and Eugster, 1965) indicate that equilibrium is
attained through precipitation of graphite during runs of long
(two weeks) duration.

In other studies of siderite stability carried out in sealed
unbuffered tubes, the bulk composition is constant (FeCOS).
Some Gecomposition of the sample to oxides is necessary to produce

as pressure within the sample tube. Iowever, T
o 2

0z

constant nor exactly knowa for such decompositions, and magnetite

is neither

or hematite may be in equilibrium with sideriie over a wide range

of T and £, (see Fig. 4). Unless £, 1is known, the results of
2 2

such experiments must be treated with caution.
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- . G - - hal P
Graynite &s an Oxysen Buffer T

The control of oxygen fugacities in a vapor phase through
equilibration with graphite has great significance in the study
o mineral assemblages produced by igneous or metamorphic
processes. Recent studies of the behavior of oxygen in rocks
(Cnirner, 1960; Mueller, 1960; Kranck, 1961; Zen, 1963) have con-
cenirated on iron-bearing minerals whose composition and stability
reletions are influenced by the o B o the vapor phase with which
they coexist (Eugster, 1959). Ore difficulty with such assemblages
is that equilibrium between two or more solid phases is genera];y
required to specify the value of 0 - present; such equilibrium may
often be difficult to dexonsirate texturally (Zen, 1963). Mcreover,
if thé assexblages contain carborates or hydrous silicates, the
f02 will be influenced by the fugacivies of additional gas components
such as Hy0 and COs.

More recently, seversl researchers have called attention to

-

the possible role of graphite and related carbonaceous matter in

Iy

controlling the velue of fO 5 in such diverse mineral assemblages as
retamorphosed sediments (Miyashiro, 196k4; lieller and Condie, 1964)

and meteorites (Mueller, 1G6L). Approximate calewlations of the f02

- ry

V
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values permitted by grapnite for total pressures of 10 bars and

10 kilobars were carried out by Miyashiro (1964), assuming ideal

&

behavior for all gas componentis.

The importance of graphite in natural asserblages is that only
a single solid phase is reguired to conirol the value of f02 in a
CO, + CO atmosgphere. Rridermere, since the buffering reaction occurs
only in the systez C-0, the effect of grapaite upon f02 will be
independent of the prescnce of other solid phases or geses. Intro-
duction of other volatile components will create a situation in which
Pga.s > Pc02 + “cor

The presence of graphite in a mineral assexblage therefore

defines a relationship between the three parameters, T, f 0 end
(Pc02 + Pyo) Whereby, if any two are lmown, the third is completely
determined without regard to other coxponents in the system or other

phases in the mineral assexblage. IZecause oI the lovw gram-molecular
weight of grephite, even trace amounts of graphite will exert a very
large buffering effect with respect to changes in the composition
of the gas pkase.

For a fairly wide range of values of Pcoa + Pco, the occurrence
of grayhite in a mireral assermblege formed at moderate temperatures
indicates a value(o:‘ f02 within the sgiebility field of magnetite.
Tonis feature has been proposed as an explaxation of tae apparent
reduction éuring metamorghism and of the mreservation of sieep gre-

dients in fo, over relatively short distences (Zen, 1963; Miyeshiro,

166L).



Most geological considerations have assuxmed a gas phase coum-
osed dcminently of H O axd CO . Eowever, i such a phase Is
> 2 &
2

eguilibrated with graphite, two buffering reacticns, involving

both oxygen and hydrogen, are established. The equilibria involved

in the system C-E-O may be described by the following four independent

reactions, which involve methane (CE ) as well as the other com~
4

porents of the gas phase:

(18) c+0 =2C0
2 2

(x7) c+25 =cCE
2 %

(18) CcO = CO + 30

(19)

t
(@]
]
I b
+
N
. O

In the three-component system C-H-0, the assemblage graphite +
gas will have three degrees of freedom. At a fixed temperature
and total gas pressure, the system therefore bhecomes univerient.
Thus, the fugacities of a1l volatile coxponents in the gas may be

specified uniguely in terms of cne fugacity, e.g., fO .
2

Detailed calculations of the ecuilidbria in this system have
been carried out for s variety of temperstures and total pressures
(French, 1964 b) . Preliminary results indicate that methare
will be a2 significant componernt of the gas phase over a wide range
of geolocgically reasomable conditions; at temperatures below aboub

~nO . e - . ) .
8c0°C, the ratio fex, /fH will be greater than unity. Further, it
2

appears that metharne will become dominant in a gas phase coexisting
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T 3 S - ) 4= ~Yyva o ey A S - Y e
with grapnite at values of 7 ccrresponding to tzne lower vert of
(= & Cnr P - &

z
. FEPRC T v ! S s £ I f = ENs) - —~
the mesmetite stobility field where feyalite &chs;OL) may vecone
e -

a stable phase (Tugster, 1955). Such calculaiicas éo, Lowever,
reglect the possibility of polymerization of methane in the vagpor
phase to rroduce more complex paralflfin-group hydrocarbons or other
organic meterials (see, e.g., Maeller, 196k).

The greal potentiel significance of graphite in ratural mineral
asserblazes indicates that more detailed idexntilication and siudy

of the carboraceous ratter in sediments and metamcrrhic rocks is

ction rrust be made between

(¢
ct
[a]
$
(4]
ct
e
[
ct

required. In such studies, an exe
rystallire graphite and amorphous orgenic matter with which it is
often confused and from which it mey develop by metamorphism {French,
135k, .c:). The calculations here apply only to crystalline graphite;
<hey ere not rigorously appliicable to orgenic matier of uncertain
character, elthouzh such materiel may be significant in producing and

raintaining reducing values of-fo2 duxing metemorphism.
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log N

o N

Table 1. Terms and symbols used in equaticans

Temperature in degrees Xelvin.

Isotropilc pressure on solid phases.

Total pressure of the gas phase. The unqualified term “total
pressure"” refers to closed experimental systems ia which
Pg = Pgas-

Partial pressure of component i in the gas phase.

Fugacity of component i in the gas phase.

Fugacity coefficient of component i in the gas phase,
defined by v; = £4/P;.

Standard Gibbs free energy of formation of a compound
from its elements at a specified temperature and unit

Tugacities of components occurring in the gaseous state.

Standard Gibbs free energy change in a reaction, equal to
o ]
z (GT)products - % (Gp)reactants:
Equilibrium constant of & reaction, written using fugacities

of gaseocus components; a function of T only.

Logarithm of N to the base 10.

Logarithm of N to the base e.
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A Table 2. Calcuwlated values of Poo @nd log i‘02 in ecuilibrium

with graphite for various velues of P g (=2 cop * P.o)

(*approxmate values from Eq. 15) )

T°K T°C Peo -log fg, ~log fOe(*)

Pgas 1l baxr

Loo 127 2.3 x 1077 51.53 51.51

500 227 L.2 x 10-5 41 .26 Ly.22

600 327 1.4 x 1073 34.40 34.35

T00 Lot 0.016 29.51 29.45

800 527 0.099 25.89 25.76

900 627 0.35 23.16 22.92

10C0 T27 0.72 21.24 20.63
1100 827 0.93 19.95 18.76 |
1200 927 0.98 19.01 17.20

|

Pgas = 100 bars

Lo 127 2.0 x 1076 49.62 19.51

500 227 3.9 x 104 39.29 39.22

600 327 - 0.013 32.:0 32.36 .

700 Lot 0.16 27.49 27.46

800 . 527 1.0 23.82 23.78

900 - 627 4.3 20.97 20.92
1000 - 727 12.9 18.73 18.63
1100 - 827 29.4 16.93 - 16.76
1200 927 52.8 15.55 15.20

O



Teble 2. Coatinued

°K °C Plo ~log fo, -log ng(*)
P = 5C0 bars

gas

Loo 127 3.1 x 1o‘§ 19.07 L18.84

500 227 £.8 x 10°% 35.62 33.55
- 600 327 0.025 31.69 31.68

700 Lo 0.31 26.75 26.87

800 527 2.0 23.03 23.10

900 627 8.6 20.20 20.23
1000 127 27.0 17.93 17.90
1100 827 65.9 16.09 16.07
1200 9z7 135 1ik.60 1k4.51
P = 1000 bvars

gas

Loo 127 3.0 x 10'6 48.73 18.58

500 207 7.2 x 1074 38.26 38.27

600 327 0.028 3.4k 31.40

700 Lot 0.36 256.39 26.49

800 527 2.4 22.62 22.81

slole) 627 10.6 19.83 19.95
1C00 727 34.6 17.56 17.66
1160 827 86.8 15.70 15.79
1200 927 182 1k.20 1k.22
P = 2000 vars

gas

Lco 127 3.0 x lo-i 18.19 13.35

500 227 7.2 x 10™ 37.75 38.03

€00 327 0.026 30.85 31.15

7C0 ket 0.36 "25.90 5.23

8ce 527 2.6 22,24 22.55

500 627 11.8 19.38 19.88
1000 127 39.8 - 17.10 17.39
1100 827 104 i5.2% 15.51
21200 927 228 13.72 13.95



FIGURE CAPTICNS

1. Values of £, as a function of temperature in a CO, + CO aimocphere
for sevexal oxygen buffer assembleges. Data for graphite bulfer
calculated in this paper; other date from Zugster and Wones, 1962.
Abbreviations: G, -graphite; HY, hematité + magnetite; MI, magnetite +
iron; M{, magnetite + wustite; WI, wustite -+ iron; QFM, quartz +
Teyalite + magnetite.

2. Values of 1"02 for the graphite + gas buffer as a function of

+ P.o- Grephite + gas

+ ol —
temperature for selected values of Pgas = Peo,
curves shown in solid lines; vajues of Pgas given in parentheses.

The édashed lines indicate values of f02 for other bulfering

assexblages (Eugster and Wones, 1962) calculated for = 1 bar;

Pgas
The: effect of total pressurs on this group of buffers is slignt.
Abbreviations: HM, khematite + magnelite; N0, nickel + bunsenite;
QFM, dquartz + fayalite + megnetite; MI, magnetite + iron; MV,
megnetite + wustite; WI, wustite + iron.

3. Cutaway sketch of expe:;imental run assembly. The sample (heavy
dots) is enclosed in a solid-phase buffer (horizontal ruling).

Buffering of the sample is established by diffusion of the CO5-rich

gas pnase through the buffer.



s

L, Isobaric section through the siability field of siderite +
gas at Pgas = 1000 bars. Only the two isobaric invariant points,
siderite + hematite + magnetite + gas (SID4) and siderite +
regnetite + graphite + gas (SKG) were determined. The stebility
field of the assemblage, siderite + gas (horizontel ruling) is
bounded by the three univariant curves, sideriie 4+ hematite +
gas, siderite + magnetite + gas, and siderite + meznetite +
grarhite + gas. The latier curve lies entirely within the con-
densed region below the graghite + gas buffer curve (slanted
dashed area). HM designates the hematite-magnetite buffer and

G the graphite + gas buffer for this value of Pgas‘
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